To determine the sex-specific relationships between glucose intolerance and Shwachman-Kulczycki clinical score, lung function, Brasfield chest-radiograph score, and exercise capacity in patients with cystic fibrosis (CF). METHODS: We used a cross-sectional study design and included CF patients > 10 years old. All patients had clinical and nutritional evaluation, oral glucose tolerance test, spirometry, chest radiograph, and 6-min walk test (6MWT). Patients were classified as having normal glucose tolerance, impaired glucose tolerance, or CF-related diabetes mellitus. RESULTS: We included 88 patients: 59 with normal glucose tolerance, 15 with impaired glucose tolerance, and 14 with CF-related diabetes. Shwachman-Kulczycki clinical score (P ‫؍‬ .04), at-rest S pO 2 (P ‫؍‬ .001), S pO 2 difference before versus after 6MWT (P ‫؍‬ .001), and Brasfield chest-radiograph score (P ‫؍‬ .01) were significantly lower in the impaired-glucose-tolerance group than in the normal-glucosetolerance group, but did not differ from the CF-related-diabetes group. In female patients only, percentof-predicted FEV 1 was significantly lower in the impaired-glucose-tolerance group than in the normalglucose-tolerance group (P ‫؍‬ .02), but did not differ from the CF-related-diabetes group (P ‫؍‬ .10). There was a significant relationship between glucose intolerance and sex when clinical score, 6-min walk distance, FEV 1 , and radiograph score were combined in a multivariate analysis. CONCLUSIONS: In patients with CF, glucose intolerance was associated with poor clinical score, lower at-rest S pO 2 , greater S pO 2 difference before versus after 6MWT, poor lung function, and lower radiograph score. Overall, multivariate analysis indicated poorer performance in the latter variables in female patients with glucose intolerance than in male patients with glucose intolerance.
Introduction
Abnormal glucose tolerance is a frequent comorbidity in cystic fibrosis (CF) patients, and is associated with a poor prognosis. 1 CF patients with impaired glucose tolerance have reduced pancreatic ␤ cell number and a loss of insulin secretion. 2 The prevalence of glucose intolerance in CF patients has risen in recent decades, owing to increased longevity; older individuals are more likely to have glucose intolerance. 3 CF-related diabetes is associated with greater morbidity and mortality. 4 Several studies have reported a decline in nutritional and pulmonary status 2-4 years before the diagnosis of CF-related diabetes. 5, 6 The decrease in exercise tolerance in CF is associated with deterioration of lung function and nutritional status, and with shorter survival. [7] [8] [9] The 6-min walk test (6MWT) is a submaximal exercise test used in patients with cardiac and pulmonary disease, and reflects quality of life and the ability to perform day-to-day activities. 10 However, the impact of glucose intolerance on exercise capacity has not been determined. 1, 3, 6, [11] [12] [13] [14] [15] Female CF patients have worse lung function, earlier acquisition of chronic mucoid Pseudomonas aeruginosa, 16 and worse survival 17 than male CF patients. Sex is also known to influence pulmonary function in patients with CF-related diabetes. 16, 18 Female subjects with CF-related diabetes have a remarkably poorer prognosis than all male CF patients, and female patients with CF but without diabetes. 19 The cause of the sex differences in CF prognosis is not clear; it might involve the interaction of female hormones and diabetes to promote a pro-inflammatory state, or androgens might protect male subjects from the catabolic effects of insulin deficiency. Alternatively, the appearance of frank diabetes in female subjects with CF may simply be a marker for another biological difference that is not yet known. 20 We investigated sex-specific relationships between glucose intolerance and Shwachman-Kulczycki clinical score, lung function, Brasfield chest-radiograph score, and exercise capacity in CF patients.
Methods

Study Design
We conducted a cross-sectional study. All CF patients who volunteered were sequentially included. In each patient, during the same week, we performed nutritional evaluation, oral glucose tolerance test, pulmonary function tests, chest radiograph, and 6MWT. The study was approved by the Hospital de Clínicas de Porto Alegre ethics committee, and we obtained informed consent from each patient.
Population
We recruited patients Ն 10 years old from the pediatric and adult CF program at Hospital de Clínicas de Porto Alegre. The CF diagnosis was according to consensus criteria. 21 All patients were clinically stable, defined as no medication changes in the last 30 days, and at least 30 days since completing the most recent course of intravenous or oral antibiotics for pulmonary exacerbation. We excluded patients who refused to participate; were pregnant; had a cardiac, orthopedic, or traumatological condition; or who could not endure the diagnostic tests.
Measurements and Procedures
The Shwachman-Kulczycki clinical score was determined by the physician of the CF team. The ShwachmanKulczycki scoring system 22 is a general score of clinical severity, with 4 domains: general activity, physical examination, nutrition, and chest radiograph findings. Each domain is scored out of 25 points, and the domain scores are added to give the total score (out of 100). A higher score reflects a better clinical status.
Nutritional status was assessed as body mass index (BMI) in patients Ն 18 years old, or BMI percentile in patients Ͻ 18 years old. 23 23, 24 We also reviewed the bacteria cultured from at least 2 routine sputum samples over at least 12 months. We identified Staphylococcus aureus, Pseudomonas aeruginosa, and Burkholderia cepacia.
The pulmonary function tests (MasterScreen, v 4.31, Jaeger, Würzburg, Germany) included forced vital capacity (FVC) and FEV 1 , each measured 3 times, and the best effort was recorded. All the data are expressed as percentof-predicted response for age, height, and sex. 25 The chest radiographs were scored with the Brasfield scoring system 26 by a board-certified radiologist who was blinded to the patients' clinical status.
All patients underwent a 2-hour oral glucose tolerance test except those who had a previous diagnosis of fasting CF-related diabetes. Per the American Diabetes Association guidelines, the oral glucose tolerance test involved an overnight fast, then ingestion of a glucose solution (1.75 g glucose/kg of body weight, but a maximum of 75 g glucose) in less than 5 min. 27 Blood samples were taken at zero minutes and 120 min to measure the plasma glucose concentration. We classified the patients according to glucose tolerance: normal (plasma glucose Ͻ 140 mg/dL at 2 hours), impaired (glucose 140 -200 mg/dL at 2 hours), and CF-related diabetes (glucose Ͼ 200 mg/dL at 2 hours, or 2 fasting plasma glucose Ͼ 126 mg/dL).
We performed 6MWT according to the American Thoracic Society guidelines. 10 We recorded 6-min walk distance and S pO 2 (NPB-40, Nellcor Puritan Bennett, Pleasanton, California) before and after 6MWT. We also express the walk distance in percent-of-predicted values. 28, 29 
Statistical Analysis
Data are expressed as number of cases (proportions), mean Ϯ SD, or median and interquartile range. Categorical comparisons were via chi-square test with adjusted standardized residuals. We used one-way analysis of variance or Kruskal-Wallis test to compare continuous variables. We used the Tukey test or the Kruskal-Wallis Z test for post-hoc tests.
We used the general linear model multivariate procedure to conduct a multivariate analysis of variance (MANOVA) to analyze dependent variables (ShwachmanKulczycki clinical score, 6-min walk distance, lung function, and Brasfield chest-radiograph score). We used sex and glucose tolerance, and the interaction between the two, as the independent variables in each model. We used the Tukey test post-hoc for multiple comparisons among the glucose-tolerance and sex groups. We used the Pillai trace statistic to determine the significance of the overall MANOVA results. MANOVA is a special case of a general linear model. One reason for choosing MANOVA over multiple univariate analysis of variance is that MANOVA more appropriately reflects the multivariate reality that the research is trying to model. In the MANOVA design, the groups (sex and glucose tolerance) are measured on several dependent variables. MANOVA takes advantage of this by combining the dependent variables in a way that makes the differences among the groups as large as possible. 30 We also reported a MANOVA for analysis of the same dependent and independent variables, but with age as the covariate.
We used estimated marginal means to present the mean response for each factor, adjusted for any other variables in the model.
We determined correlation coefficients via Pearson linear correlation or the Spearman rank correlation. Data analysis was with statistics software (SPSS 15.0, SPSS, Chicago, Illinois, and NCSS 2000, NCSS, Kaysville, Utah). Differences were considered statistically significant when P Ͻ .05). We report 2-tailed probabilities.
Results
We screened 107 CF patients, between March 2007 and August 2008. Ten patients refused to participate, and 9 were excluded because they failed to complete all required examinations, so 88 patients completed the required protocol. The excluded patients did not significantly differ from the included patients with respect to age (P ϭ .35), sex (P ϭ .17), race (P ϭ .89), BMI (P ϭ .83), pancreatic insufficiency (P ϭ .72), glucose tolerance (P ϭ .57), FVC (P ϭ .54), or FEV 1 (P ϭ .54).
The study included 43 female and 45 male patients. Their mean Ϯ SD age was 20 Ϯ 7 y (range 10 -49 y). There were 84 white patients and 4 non-white patients. Their mean Ϯ SD BMI was 20 Ϯ 2 kg/m 2 . Their mean Ϯ SD FVC was 75 Ϯ 24% of predicted, and their mean FEV 1 was 65 Ϯ 28% of predicted. There was no significant difference in age between the males and females (P ϭ .11) or between the glucose-tolerance groups (P ϭ .46). Only one patient was treated with oral steroids during the study period. Table 1 describes the subjects and subgroups. There were 59 patients (67%) with normal glucose tolerance, 15 (17%) with impaired glucose tolerance, and 14 (16%) with CF-related diabetes (7 with fasting hyperglycemia, and 7 with hyperglycemia 2 hours after oral glucose tolerance test). The patients with CF-related diabetes had the CF diagnosis significantly earlier in life than those in the normal-glucose-tolerance group and the impaired-glucosetolerance group (P ϭ .007). Seventeen patients had pancreatic insufficiency: 16 of them were in the normalglucose-tolerance group, and the other was in the impairedglucose-tolerance group (P ϭ .03). Methicillin-resistant S. aureus was significantly more common in the CF-related-diabetes group than in the normal-glucose-tolerance group or the impaired-glucose-tolerance group (P ϭ .04). There was no difference between the groups in P. aeruginosa colonization (P ϭ .24).
There were no significant differences between the male and female groups in at-rest S pO 2 (P ϭ .48) or S pO 2 before versus after 6MWT(P ϭ .96). The at-rest S pO 2 was slightly lower in the impaired-glucose-tolerance group (96 Ϯ 2%) and the CF-related-diabetes group (96 Ϯ 2%) than in the normal-glucose-tolerance group (98 Ϯ 2%) (P ϭ .001). S pO 2 after 6MWT and S pO 2 difference before versus after 6MWT were significantly lower in the impaired-glucosetolerance group (90 Ϯ 10% and 6 Ϯ 9%, respectively) than in the normal-glucose-tolerance group (97 Ϯ 4% and 1 Ϯ 3%, respectively) (P ϭ .001), but did not differ from the CF-related-diabetes group (94 Ϯ 6% and 2 Ϯ 4%, respectively) (P ϭ .30).
In the MANOVA tests of between-subject effects, there were no significant differences for sex with respect to Shwachman-Kulczycki clinical score, FEV 1 , or Brasfield chest-radiograph score (P ϭ .83, .47, and .96, respectively). The 6-min walk distance was significantly lower in the female patients than the male patients (563 Ϯ 88 m vs 606 Ϯ 78 m, respectively) (P ϭ .009). There were no significant differences in 6-min walk distance or FEV 1 between the glucose-tolerance groups (P ϭ .28 and .25, respectively).
In a post-hoc test, the Shwachman-Kulczycki clinical score was significantly lower in the impaired-glucose-tolerance group (69 Ϯ 13 points) and the CF-related-diabetes group (67 Ϯ 15 points) than in the normal-glucose-tolerance group (79 Ϯ 13 points) (P ϭ .04 and .03, respectively). Brasfield chest-radiograph score was significantly lower in the impaired-glucose-tolerance group (13.7 Ϯ 5.3 points) and the CF-related-diabetes group (14.3 Ϯ 4.8 points) than in the normal-glucose-tolerance group (18.0 Ϯ 4.8 points) (P ϭ .01 and .04, respectively).
There were significant differences in the interaction between sex and glucose-tolerance group with respect to FEV 1 (P ϭ .03). In the female patients, FEV 1 was significantly lower in the impaired-glucose-tolerance group (43 Ϯ 23%) than in the normal-glucose-tolerance group (73 Ϯ 29%) (P ϭ .02), but did not differ from the CFrelated-diabetes group (88 Ϯ 11%) (P ϭ .10). In the male patients, FEV 1 did not differ significantly between the normal-glucose-tolerance group (66 Ϯ 26%), the impairedglucose-tolerance group (69 Ϯ 28%) or the CF-relateddiabetes group (51 Ϯ 29%) (P ϭ .23).
The percent-of-predicted 6-min walk distances were significantly lower in the female patients (74 Ϯ 12%) than in the male patients (80 Ϯ 11%) (P ϭ .002). There were no significant differences in percent-of-predicted 6-min walk distance between the glucose-tolerance groups (P ϭ .08). There were also no significant differences in the interaction between sex and glucose-tolerance group (P ϭ .31). Figure 1 shows the sex-specific analysis by glucosetolerance group, Shwachman-Kulczycki score, FEV 1 , 6-min walk distance, and Brasfield radiograph score. Table 2 summarizes the multivariate analysis for Shwachman-Kulczycki clinical score, 6-min walk distance, FEV 1 , and Brasfield chest-radiograph score, according to glucose-tolerance group. There was no significant effect for sex (P ϭ .05) or glucose-tolerance group (P ϭ .08). There was a significant effect for interaction between sex and glucose-tolerance group (P ϭ .02). Results were similar via MANOVA with age as the covariate. Figure 2 shows the plasma glucose 2 hours after glucose ingestion relative to Shwachman-Kulczycki score, FEV 1 , 6-min walk distance and Brasfield radiograph score. 
Discussion
Our main finding is that glucose intolerance in CF patients is related to lower Brasfield chest-radiograph score, lower at-rest S pO 2 , greater S pO 2 difference before versus after 6MWT, and poorer lung function. Also, there was a significant interaction between glucose intolerance and sex in regards to lung function. When the 4 non-collinear dependent variables (clinical score, 6-min walk distance, FEV 1 , and radiograph score) were combined in a multivariate analysis to test the pool effect of sex and glucose intolerance, there was a significant interaction between the 2 factors. The female patients with glucose intolerance had poorer clinical score, 6-min walk distance, FEV 1 , and radiograph score than the male patients. There was no difference between the male and female subjects with normal glucose tolerance.
Fifty-nine patients (67%) had normal glucose tolerance, 15 (17%) had impaired glucose tolerance, and 14 (16%) had CF-related diabetes (7 with fasting hyperglycemia, and 7 with hyperglycemia 2 hours after ingesting glucose). Glucose intolerance was strongly associated with pancreatic insufficiency. 31, 32 Milla et al 13 followed 152 patients with CF over 4 years and found a higher prevalence of impaired glucose tolerance than in our study. At baseline, 45% of their patients * Multivariate analysis of variance with sex and glucose-tolerance group as fixed factors. The Pillai trace statistic was used for multivariate analysis of variance. † The Pillai trace positive-valued statistic: the higher the value, the more the factor contributed to the model. ‡ Partial eta squared overestimates the actual effect size in an F test; it describes the proportion of total variability attributable to a factor. had normal glucose tolerance, 39% had impaired glucose tolerance, and 16% had CF-related diabetes. The rates of FEV 1 and FVC decline correlated with the glucose-tolerance groups; the highest rates of decline were among the CF-related diabetes/no fasting hyperglycemia group. Adjustment for the potential confounding effect of sex did not cause any major modification in those trends. Garagorri et al 32 studied 28 patients with CF to evaluate predisposing factors of impaired glucose tolerance. In contrast to our study, they found that glucose tolerance was not associated with lung function or clinical score. They reported no significant differences in sex or anthropometry between their glucose-tolerance groups.
Sims et al 19 compared 323 patients with established CF-related diabetes to 489 CF control subjects with normal glucose tolerance. Only female subjects with CF-related diabetes had significantly worse lung function than the sex-matched normal-glucose-tolerance control subjects.
That study did not evaluate subjects with impaired glucose tolerance.
Tofé et al 33 evaluated insulin-secretion kinetics and insulin sensitivity in 50 CF patients with normal glucose tolerance, impaired glucose tolerance, and CF-related diabetes. CF patients with impaired glucose tolerance presented worse clinical status, under-nutrition, and impaired pulmonary function. Tofé et al did not evaluate sex-related differences in impaired glucose tolerance.
Costa et al 1 studied 109 CF patients over 18 years old to determine the association between glucose tolerance and CF clinical status. They found no significant differences between the groups for sex, age, weight, or BMI. They did find an association between glucose-tolerance abnormality and worse clinical status.
In the present study the 6-min walk distance was significantly less in the female patients than the male patients, but female patients tend to have shorter 6-min walk distances, not specifically related to more severe lung disease, but due to less muscle mass. We attempted to overcome this bias by using percent-of-predicted 6-min walk distances, but we still observed the same result for female patients.
At-rest S pO 2 was significantly lower in the impairedglucose-tolerance group than in the normal-glucose-tolerance group, and the S pO 2 difference before versus after 6MWT was greater in the impaired-glucose-tolerance group.
One mechanism by which insulin deficiency might impact pulmonary function in CF patients is by adversely affecting nutrition by promoting a catabolic state. 13 In the present study the 3 glucose-tolerance groups had no differences in BMI or nutritional classification. It is possible that the aggressive nutritional treatment interventions and enzyme replacement may maintain an adequate BMI in these patients. Similar to our findings, other studies found no significant differences between glucose tolerance and nutrition. 1, 13, 34, 35 In the pediatric and adult CF program at Hospital de Clínicas de Porto Alegre, patients are monitored by a nutritionist. The dietary management of CFrelated diabetes maintains a high-energy-content diet and patients are advised not to limit their intake of carbohydrates, high-fat foods, or proteins. 11 It was surprising that our impaired-glucose-tolerance patients performed worse than the established CF-relateddiabetes patients. We speculate that the CF-related-diabetes patients may maintain tighter metabolic control than the impaired-glucose-tolerance patients. Also, the impaired-glucose-tolerance patients may be undiagnosed for long periods before aggressive metabolic control is achieved, which may explain their deterioration, because clinicians wait for overt CF-related diabetes before aggressively intervening.
Another concerning finding was the lack of difference in age among our glucose-tolerance groups. We would expect that older individuals are more likely to develop glucose-tolerance impairment. However, the low average age (20 Ϯ 7 y) of the CF subjects in the study might explain this finding.
Limitations
The cross-sectional study design does not provide enough evidence to define the temporal relationship between glucose intolerance/CF-related diabetes and health decline or lung-function decline in CF patients. Also, there was a low prevalence of CF-related diabetes in the population we studied. For the statistical analysis we included the patients with fasting CF-related diabetes and the patients with no fasting hyperglycemia in the same group. Furthermore, the large number of patients with pancreatic sufficiency in the normal-glucose-tolerance group may confound the poor results in the impaired-glucose-tolerance and CF-related-diabetes groups. The female patients also tended to be older than the male patients, although that difference was not statistically significant. However, our MANOVA analysis found similar results between the sexes, with age as the covariate.
Conclusions
Glucose-tolerance impairment was related to poor clinical score, lower at-rest S pO 2 , greater S pO 2 difference before versus after 6MWT, poor lung function, and lower radiograph score in patients with CF. Combining clinical score, 6-min walk distance, FEV 1 , and radiograph score in a multivariate analysis, the overall effect indicated poorer performance in those variables in the female patients with glucose intolerance than in the male patients.
